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17 ABSTRACT
18 Although Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) plantations are widely 
19 grown for timber production in southern China, they have low biodiversity and provide 
20 limited ecosystem services. To address this problem, C. lanceolata are increasingly 
21 mixed with broadleaf Schima superba Gardn. & Champ. (Theaceae). The success of 
22 these mixed plantations relies on introducing each species in the appropriate sequence, 
23 which requires understanding how tree species respond to light variations. We therefore 
24 compared S. superba and C. lanceolata seedling light tolerance in shaded houses under 
25 five light gradients (5%, 15%, 40%, 60%, and 100% sunlight). Our findings showed that 
26 S. superba seedlings exhibited greater net height increment (ΔHt), net diameter growth 
27 (ΔDia), leaf area, root mass, stem mass, leaf mass, and total mass under low light 
28 conditions (15% sunlight). However, as sunlight increased, these growth variables 
29 became higher in C. lanceolata seedlings. With more sunlight, both species experienced a 
30 drop in height to diameter ratio (HDR), and specific leaf area (SLA), but an elevated root 
31 to shoot ratio. Additionally, under the same light levels, S. superba seedlings exhibited 
32 greater leaf area and root to shoot ratio than C. lanceolata seedlings. Our results 
33 suggested that S. superba might be more suitable for underplanting beneath a heavy 
34 canopy due to its shade-tolerant traits. In contrast, C. lanceolata was less shade-tolerant, 
35 having an optimum seedling growth under full sunlight. These findings suggest that 
36 underplanting S. superba seedlings in C. lanceolata monoculture plantation (i.e., 
37 underplanting regeneration approach) could be a better silvicultural alternative than 
38 simultaneously planting both seedlings.  
39 Keywords: biomass allocation, leaf morphology, phenotypic plasticity, shade tolerance, 
40 silviculture, underplanting. 
41 1. Introduction
42 Demand for commercial timber has increased global forest plantations from 168 × 106  ha 
43 in 1990 to 278  × 106  ha in 2015, a shift from 4.06% of total forest area to 6.95% (FAO, 
44 2015; Keenan et al., 2015; Payn et al., 2015). In China alone, plantations cover ~ 69 × 
45 106 ha and account for 25% of the global forested area, ranking first in the world (Yang et 
46 al., 2018). However, most of these plantations are monocultures, especially those located 
47 in southern China, focusing on a few select species, such as Cunninghamia lanceolata, 
48 Eucalyptus spp., and Pinus massoniana (CSFB, 2014). These plantations have some 
49 undesirable characteristics, including simple structure, low biodiversity, low ecosystem 
50 services, low soil fertility, and poor natural regeneration (Erskine et al., 2006; Richards et 
51 al., 2010; Wang et al., 2009; Zhang and Fu, 2009). Converting single-species plantations 
52 into mixed, broadleaf-conifer forests may be ideal for resolving these issues while 
53 gaining additional benefits such as yield increase, environmental restoration, and 
54 biodiversity conservation (Alem et al., 2015; Carnevale and Montagnini, 2002; Kelty, 
55 2006; Piotto et al., 2004; Redondo-Brenes and Montagnini, 2006). 
56 Chinese fir, Cunninghamia lanceolata (Lamb.) Hook (Taxodiaceae), an evergreen 
57 conifer, is the most important plantation tree by area both in China and the globe (Yang 
58 et al., 2018). Currently, C. lanceolata plantations take up 17 × 106 ha, which represent 
59 approximately 24% of the forest plantations in China and 6.1% of the global (FAO, 2015; 
60 Yang et al., 2018). These forests are nutrient-poor, with shallow fertile soils (Chen et al., 
61 2000). Like other monocultures, the sustainability of C. lanceolata plantations is 
62 threatened by biodiversity reduction, production loss, soil degradation, and a lack of self-
63 regeneration (Chen et al., 2014; Luo et al., 2014; Ma et al., 2007; Yang et al., 2004). In 
64 an attempt to address this problem, Schima superba Gardn. & Champ. (Theaceae) are 
65 increasingly mixed into the understory of C. lanceolata stands (Chen et al., 2013; Huang 
66 et al., 2004; Xiong, 2007). Schima superba is a dominant evergreen broadleaf tree with a 
67 wide distribution in southern China. Being known locally as ‘Mu He’, S. superba is also 
68 an ecologically and economically important tree (Li et al., 2011; Niu et al., 2012; Yang et 
69 al., 2017a). The tree of S. superba has thick leaves with high water content and can grow 
70 quickly in various soil types; features that are suitable for reforestation and plantation-
71 restoration programs (Li et al., 2011). Previous studies showed that mixed C. lanceolata 
72 and S. superba forests generally have improved stand structure, soil quality, ecological 
73 functions, natural regeneration and economic return to landowners (Cai et al., 2012; Chen 
74 and Chen, 2002; Yang et al., 2010, Yang et al., 2017b). 
75 The shift in preference from monoculture plantations to mixed broadleaf-conifer 
76 forests has highlighted the need for research on how tree species develop under different 
77 light environments resulting from management interventions (Alem et al., 2015; 
78 Carnevale and Montagnini, 2002; Kelty, 2006). The response of different species to 
79 variable light conditions is complex (Valladares et al., 2002), involving both plant-
80 environment interactions, and plant-plant interactions. Although C. lanceolata is 
81 considered to be light-demanding throughout its life cycle (Xue et al., 2017), we know 
82 little of how light gradients influence seedling growth, morphology, and biomass 
83 allocation. In contrast, S. superba is considered more shade-tolerant during the seedling 
84 stage (Wang and Guo, 2007; Zhu et al., 2017). In most cases, these categorizations were 
85 drawn from traditional, silvics-based shade-tolerance classes, rather than from empirical 
86 research that evaluate species-specific responses to varying shade levels. Thus, 
87 management of mixed broadleaf-conifer forests would be aided through understanding 
88 how light influences seedling survival and growth during early post-planting stages. 
89 Between-species comparisons of seedling development under uniform light conditions 
90 help elucidate important morphological traits for growth and survival, while contributing 
91 to our understanding of the biodiversity-maintenance mechanisms in forest communities. 
92 To the best of our knowledge, little is known regarding the effects of variable light 
93 intensity on growth and biomass allocation in broadleaf-conifer combinations. Therefore, 
94 such research will enhance forest management practices that emphasize multifunctional 
95 and biodiversity-oriented objectives. 
96 The aim of this study was to examine the effects of shading on the early growth, 
97 morphology, and biomass allocation of C. lanceolata and S. superba. Artificial shading is 
98 a practical alternative to fieldwork for investigating interspecific differences in light 
99 tolerance (Madsen, 1994), because it removes potential confounding factors in a variable 
100 forest environment. Seedlings of both species were exposed to different shade levels that 
101 mimic underplanting conditions, while access to other resources (e.g., water and nutrients) 
102 was kept constant. This manipulation allowed us to separate the effects of these 
103 prominent confounding factors and focus only on plant response to light gradient. Our 
104 specific objectives were to: (i) identify how growth, morphology, and biomass allocation 
105 change across light gradients; and (ii) determine the light requirements for the optimal 
106 growth of C. lanceolata and S. superba. 
107 2. Materials and methods
108 2.1. Experimental design and shade treatments
109 The study was constructed in a flat, open area at the Fujian Agriculture and Forestry 
110 University. Five light gradients (100%, 60%, 30%, 15%, and 5% full sunlight) were 
111 created using shade houses covered with black nylon shade cloth at increasingly higher 
112 mesh gauges. Specifically, mesh gauges of 2, 3, 6, and 8 were used to intercept 40%, 
113 60%, 85%, and 95% irradiance, resulting in conditions of 60%, 40%, 15% and 5% 
114 sunlight, respectively (relative irradiance was estimated with a light meter on a clear day 
115 in summer, Table 1). The 100% sunlight control did not use a shade cloth (Kennedy et al., 
116 2007; Saldaña-Acosta et al., 2009). Shade houses were 2.0 m high, 6.0 m×2.5 m in length 
117 and width, and were placed parallel to the sun’s daily track to minimize spatiotemporal 
118 variation in solar radiation. Distance between the shade houses was maintained at 5.0 m 
119 to minimize interaction effects. A 10 cm opening between the soil surface and the shade 
120 cloth was left for ventilation. Shade houses were not water-proofed; more rainfall was 
121 blocked as mesh gauges increased. To guarantee sufficient soil moisture for seedlings 
122 establishment, all seedlings were watered 2-3 times weekly.
123 In July 2016, C. lanceolata and S. superba seedlings were purchased from a 
124 container nursery in Zhangping Wuyi Forest Farm, Fujian, China. Seeds were sown 
125 during February 2016 in one of the nursery’s greenhouses, following standard practice. 
126 Purchased seedlings were transplanted to pots containing potting compost and were 
127 grown for one month in glasshouse at the experimental site. In August 2016, 6-mouth old 
128 seedlings were placed in shade houses, and randomly divided into five groups per species 
129 with five seedlings. Each group was subjected to a different light gradient: 100% 
130 (control), 60%, 40%, 15%, and 5% full sunlight. Initial seedling height and diameter did 
131 not differ significantly between the individuals of each species (based on measurements 
132 from five randomly selected individuals per species; see section 2.2). Seedling pots were 
133 treated as replicates and were randomly positioned to ensure they obtained similar light 
134 irradiation with no mutual shading. Seedlings grown under the same shade house were 
135 completely independent. Pots were rotated weekly to ensure homogeneous conditions. 
136 2.2. Growth and biomass measurements 
137 Prior to light treatment, seedlings of both species were measured to determine initial 
138 heights and stem diameters. Height from the soil surface to the highest point of the live 
139 crown was obtained with a measuring tape. Stem diameter was measured to the nearest 
140 0.01 mm using Vernier calipers. The position and direction of the stem diameter 
141 measurements were marked on the stem using a permanent marker; subsequent 
142 measurements were made at this position to maintain consistency. 
143 In August 2017 (the experiment lasted for one year), all seedlings were harvested 
144 and separated into roots, stems, and leaves. Roots were washed carefully using distilled 
145 water. Leaf area was determined with a portable leaf meter (Yaxin-1241, Shanghai, 
146 China) from 10 randomly selected leaves per seedling. All plant tissues were placed in 
147 paper bags and oven-dried at 105°C for 30 min, then at 80°C for at least 24 h to a 
148 constant dry weight. Dry weights of stems, leaves, and roots were measured separately. 
149 The following major growth-related indices were calculated: net height increment (ΔHt, 
150 plant height at the end of experiment minus initial height, cm); net diameter growth 
151 (ΔDia, plant stem diameter at the end of experiment minus initial diameter, cm); height to 
152 diameter ratio (HDR, ratio of height to stem diameter at 3 cm above ground at the end of 
153 experiment); leaf area (per leaf, cm2); specific leaf area (SLA, leaf area per unit leaf dry 
154 mass, cm2 g-1); leaf mass ratio (leaf dry mass/total seedling dry mass, g g-1); stem mass 
155 ratio (stem dry mass/total seedling dry mass, g g-1); root mass ratio (root dry mass/total 
156 seedling dry mass, g g-1); root to shoot ratio (root dry mass/aboveground dry mass, g g-1); 
157 leaf to root ratio (leaf dry mass/root dry mass; g g-1); and Ht/Stem-mass (The length 
158 gained per unit  mass invested, calculated as main stem length divided by stem dry 
159 weight, cm g-1) (Sevillano et al., 2016). 
160 2.3. Data analysis
161 All statistical analyses were performed using SPSS version 24.0 for Windows (SPSS 
162 Inc., Chicago, IL, USA). Fixed effects were light, species, and their interaction. Normal 
163 distribution of errors and homogeneity of variance were assessed and data with residuals 
164 that did not conform to these assumptions were transformed using Box–Cox 
165 transformations. The data are presented as means ± standard error (SE) for different 
166 treatments. Tukey’s tests were used for multiple comparisons of means within significant 
167 explanatory variables under the ANOVA. Significance level was set at p = 0.05.
168 3. Results
169 3.1 Seedling survival and growth responses to light
170 Seedling net height increment (ΔHt) and net diameter increment (ΔDia) varied 
171 significantly across species and light gradients (Table 2). For both species, ΔHt increased 
172 as shade increased, peaking under 15% sunlight and then declining under 5% sunlight 
173 (Fig. 1A). However, ΔDia differed across species, increasing with increasing shade for S. 
174 superba (except under 5% sunlight), and decreasing with increasing shade for C. 
175 lanceolata (Fig. 1B). For both species, HDR increased significantly with increasing shade 
176 (Fig. 1C). Significant interspecific differences in HDR were found under 100% and 60% 
177 sunlight.
178 3.2 Foliage morphology responses to light
179 The largest leaf area of S. superba and C. lanceolata occurred under 15% and 40% 
180 sunlight, respectively (Fig. 2A). Leaf area was significantly larger in S. superba 
181 (26.99±1.48 cm2, averaged over treatments) than in C. lanceolata (0.90±0.03 cm2) across 
182 all light gradients (Fig. 2A). Both species experienced increases in SLA with increasing 
183 shade, with values in full sunlight being 54.96% (S. superba) and 53.68% (C. lanceolata) 
184 smaller than values under 5% sunlight (Fig. 2B). Schima superba consistently had greater 
185 SLA than C. lanceolata (138.34±5.28 cm2 g-1versus 114.97±4.36 cm2 g-1, averaged over 
186 treatments) across all light gradients (Fig. 2B). 
187 3.3 Biomass and biomass allocation responses to light
188 Root biomass, stem biomass, leaf biomass, and total biomass differed significantly 
189 across all light gradients in both species (Table 2). Biomass variables were higher under 
190 15% sunlight than under any other light treatment for S. superba seedlings, but decreased 
191 with increasing shade for C. lanceolata (Fig. 3). Significant interspecific differences in 
192 biomass (except for root biomass) were found under 100% and 60% sunlight (Fig. 3). For 
193 both species, root mass ratio and root to shoot ratio decreased as shade increased (Fig. 4A, 
194 D). Root mass ratio and root to shoot ratio were significantly larger in S. superba 
195 (0.44±0.02 g, 0.85±0.06 g, respectively, averaged over treatments) than in C. lanceolata 
196 (0.35±0.02 g, 0.57 ± 0.05 g) across all light gradient (Fig. 4A, D). In contrast, stem mass 
197 ratio, leaf mass ratio, and leaf to root ratio increased as shade decreased (Fig. 4). Finally, 
198 Ht/Stem-mass tended to increase with increasing shade in C. lanceolata, but except under 
199 5% sunlight, the index decreased in S. superba. Under100%, 60% and 40% sunlight, 
200 Ht/Stem-mass was significantly larger in S. superba than in C. lanceolata (Fig. 4F). 
201 4. Discussion
202 Our study showed that S. superba and C. lanceolata experienced greater net height 
203 increment (ΔHt) at lower light levels, except for a decline under 5% sunlight (Fig. 1). The 
204 greatest ΔHt in both species occurred under 15% sunlight. Furthermore, given that their 
205 height decreased under 5% sunlight, both species are likely to experience inhibited 
206 growth under a closed overstory. Schima superba exhibited greater height increments 
207 than C. lanceolata under 15% and 5% sunlight (Fig. 1A). This finding confirmed the 
208 traditional perception of shade-tolerant species exhibiting higher height-increment rates 
209 than shade-intolerant species under lower light conditions (Chen et al., 1997), likely 
210 because this mechanism facilitates escape from darker regions in natural ecosystems (e.g., 
211 Sevillano et al., 2016). 
212 Studies on multiple tree species have observed significant reductions of net diameter 
213 increment (ΔDia) with reduced light availability (Chen et al., 1997; Wang et al., 2006; 
214 Cheng et al., 2013; Sevillano et al., 2016), although the opposite response has also been 
215 reported (Barnett, 1989). In our study, ΔDia in two species showed opposing trends under 
216 increasing shade, with C. lanceolata decreasing and S. superba generally increasing (Fig. 
217 1B). Schima superba exhibited greater ΔDia than C. lanceolata under 40%, 15%, and 5% 
218 sunlight (Fig. 1B). These results are consistent with previous studies demonstrating that 
219 the shade-tolerant species have a higher diameter increase than the shade-intolerant 
220 species under low light conditions (Chen et al., 1996; Sevillano et al., 2016).   
221 In some tree species, shade influences the slenderness index (HDR) (Chen 1997; 
222 Sevillano et al., 2016). Corresponding to these previous findings, our study did not 
223 observe interspecific differences in HDR, which consistently increased with decreasing 
224 light availability (Fig. 1C) (Chen and Klinka, 1997; Sevillano et al., 2016). Overall, under 
225 our low-light conditions, ΔHt per plant was greater than the corresponding increase in 
226 stem biomass. Similar findings have been reported for beech (Fagus sylvatica L.), oak 
227 (Quercus robur L.) seedlings (Sevillano et al., 2016), and Douglas fir (Pseudotsuga 
228 menziesii var. glauca (Beissn.) Franco) (Chen, 1997). Our findings partially confirmed 
229 the hypothesis that trees tend to grow taller more rapidly under low light conditions as a 
230 light-capture mechanism (Valladares and Niinemets, 2008). Taken together, the data 
231 suggest that shaded seedlings prioritize biomass allocation towards increasing height at 
232 the expense of increasing in diameter (Sevillano et al., 2016; Sumida et al., 1999; Wang 
233 et al., 2006), which is necessary to support the crown mechanically and physiologically. 
234 This trade-off is also confirmed by the greater increase Ht/Stem-mass under heavy shade 
235 (Fig. 4F; Bloor and Grubb et al., 2004; Sevillano et al., 2016). 
236 Plants can efficiently acclimate to different light environments through altering leaf 
237 traits. In general, to enhance light capture under low light conditions, plants allocate more 
238 biomass to produce thin leaves with high SLA (Poorter, 1999), a trait that describes light-
239 capture efficiency relative to biomass invested in leaf tissue (Marshall and Monserud, 
240 2003). Under high light conditions, plants reduce transpiration losses and increase carbon 
241 gain by forming small, thick leaves with low SLA (Poorter, 1999). Here, we observed a 
242 significant SLA increase as light levels decreased (Fig. 2B), consistent with  previous 
243 studies showing an association between greater SLA and higher light-capture efficiency 
244 under low light environments (Chen, 1997; Sevillano et al., 2016; Wang et al., 2006). 
245 Increasing SLA is a frequent phenotypic response of trees to shade. For example, beech 
246 and other shade-tolerant species have higher SLA under low light than less shade-tolerant 
247 species like oak (Groninger et al., 1996; Sevillano et al., 2016) (but see Chen et al., 1996). 
248 Similarly, we observed greater SLA (less dense, larger leaves) in S. superba seedlings 
249 than in C. lanceolata seedlings (smaller, heavier leaves) (Fig. 2A, B; Fig. 3C), indicating 
250 that S. superba could be more shade tolerant than C. lanceolata. Overall, in shade-
251 tolerant species appear to employ low SLA as a successful strategy for survival and 
252 growth in poor-light environments. 
253 Our findings on other plant properties beside traits also support the differential light 
254 requirements of S. superba and C. lanceolata. Although shading generally reduced root 
255 biomass more than aboveground biomass, total root, stem, and leaf biomasses of S. 
256 superba seedlings increased with increasing shade, indicating considerable shade-
257 tolerance. In contrast, total root, stem, and leaf biomass of C. lanceolata seedlings 
258 declined significantly with increasing shade, similar to other shade-intolerant trees such 
259 as Douglas fir (Williams et al., 1999) and silver fir (Abies alba Mill) (Robakowski et al., 
260 2003, 2004). The higher root to shoot ratios of S. superba allow it to compete more 
261 effectively for soil nutrients than C. lanceolata and other trees with lower root to shoot 
262 ratios (Allaby, 1998). The trade-off in this allocation strategy is important for survival 
263 during light and other resource limitation, as well as recovery from herbivore damage. 
264 We also found that Ht/Stem-mass increased in C. lanceolata seedlings and decreased 
265 in S. superba seedlings under increasing shade, leading to longer but weaker seedlings in 
266 the former species under low light conditions. Etiolation-related increases in seedling 
267 height was then reflected in the greater allocation of biomass belowground (Fig. 4D). 
268 These results support the functional equilibrium theory that suggests plants increase 
269 allocation to shoots or leaves when aboveground biomass decreases, and increase 
270 allocation to roots when belowground biomass decreases (Poorter and Nagel, 2000). In 
271 general, the observed morphological shifts in both species imply a dynamic response to 
272 light conditions that balances trade-offs between aboveground growth (for light 
273 interception) and root growth (for nutrient and water acquisition).
274 5. Conclusions
275 Our results showed that light differentially affected seedling growth, morphology, and 
276 biomass allocation in S. superba and C. lanceolata. However, light availability did not 
277 influence seedling survival rates of either species. Considering that S. superba seedlings 
278 achieved their best growth under light conditions as low as 15% sunlight, this species 
279 could be shade-tolerant and suitable for underplanting beneath a heavy canopy. The 
280 strategy of underplanting has been successfully applied to enrich existing stands, convert 
281 even-aged monocultures to more complex systems, and rehabilitate non-productive 
282 stands (Kenk and Guehne, 2001; Pretzsch and Rais, 2016). In contrast, we consider C. 
283 lanceolata to be shade-intolerant due to its superior growth and biomass accumulation at 
284 full sunlight. We therefore suggest using the underplanting regeneration approach-
285 specifically inserting S. superba below the canopy of existing C. lanceolata forests to 
286 improve biodiversity in C. lanceolata monoculture plantations. 
287 Because our experiment was conducted under controlled conditions, we cannot fully 
288 extrapolate our results to the field. In a natural environment, abiotic and biotic factors 
289 such as water, nutrients, temperature, and plant litter, intra- and interspecific competition 
290 are more variable. Moreover, the effect of light on growth, morphology and biomass 
291 allocation may age dependent. Therefore, long-term field studies are necessary to fully 
292 understand the complex environmental interactions that influence growth thresholds of 
293 plants experiencing light gradients in forest plantation ecosystems. Nonetheless, our 
294 findings suggest that light play an important role in determining seedling performance of 
295 in C. lanceolata and S. superba.  
296 Conflict of interest
297 The authors declare that there are no conflicts of interest.
298 Acknowledgments
299 This work was supported by the National Natural Science Foundation of China (grant 
300 numbers 31570448 and 31670714) and National Key R&D Project (grant number 
301 2016YFD0600300). Bo Liu is supported by the China Scholarship Council (grant number 
302 201608350014), and Zhengning Wang is supported by the Education Department of 
303 Fujian Province. We thank Chong Zhao, Changhui Wang, Dayang Wang, Chenxi Zhu 
304 and Xiaoyang Zheng for laboratory assistance. We also thank two anonymous reviewers 
305 for their helpful comments that greatly improved this manuscript. Finally, we would like 
306 to thank Editage [http://online.editage.cn/] for English language editing.
307 References
308 Alem, S., Pavlis, J., Urban, J., Kucera, J., 2015. Pure and mixed plantations of Eucalyptus 
309 camaldulensis and Cupressus lusitanica: their growth interactions and effect on 
310 diversity and density of undergrowth woody plants in relation to light. J. For. 5, 375–
311 386.
312 Allaby, M., 1998. A Dictionary of Plant Sciences, second ed. Oxford University Press, 
313 Oxford.
314 Barnett, J.P., 1989. Shading reduces growth of longleaf and loblolly pine seedlings in 
315 containers. Tree Planters Notes, 40, 23–26.
316 Bloor, J.M.G., Grubb, P.J., 2004. Morphological plasticity of shade‐ tolerant tropical 
317 rainforest tree seedlings exposed to light changes. Funct. Ecology, 18, 337–348.
318 Cai, L.P., Li, F.H., Hou, X.L., Wu, P.F., Ma, X.Q., Chen, S.Y., 2012. Study on water 
319 conservation capability of Cunninghamia lanceolata plantation mixed with Schima 
320 superba. Journal of Southwest Forestry University. 32, 13–18.
321 Carnevale, N.J., Montagnini, F., 2002. Facilitating regeneration of secondary forests with 
322 the use of mixed and pure plantations of indigenous tree species. For. Ecol. Manage. 
323 163, 217–227.
324 Chen, C.Y., Liao, L.P., Wang, S.L., 2000. Ecology of Chinese Fir Plantation Forest. 
325 China Science Publishing House, Beijing.
326 Chen, G.S., Yang, Z.J., Gao, R., Xie, J.S., Guo, J.F., Huang, Z.Q., Yang, Y.S., 2013. 
327 Carbon storage in a chronosequence of Chinese fir plantations in southern China. 
328 Forest Ecol. Manage. 300, 68–76. 
329 Chen, H.Y., 1997. Interspecific responses of planted seedlings to light availability in 
330 interior British Columbia: survival, allometric patterns, and specific leaf area. Can. J. 
331 For. Res. 27, 1383–1393.
332 Chen, H.Y., Klinka, K., 1997. Light availability and photosynthesis of Pseudotsuga 
333 menziesii seedlings grown in the open and in the forest understory. Tree Physiol. 17, 
334 23–29.
335 Chen, L.C., Wang, S.L., Wang, P., Kong, C.H., 2014. Autoinhibition and soil 
336 allelochemical (cyclic dipeptide) levels in replanted Chinese fir (Cunninghamia 
337 lanceolata) plantations. Plant Soil. 374, 793–801.
338 Chen, S.S., Chen, S.R., 2002. Functions of the mixed forest of Cunninghqmia Lanceolata 
339 and Schima superba in water conservation and soil fertility buildup. Acta Pedologica 
340 Sinica. 39, 599–603.
341 Cheng, X., Yu, M., Wang, G.G., Wu, T., Zhang, C., 2013. Growth, morphology and 
342 biomass allocation in response to light gradient in five subtropical evergreen 
343 broadleaved tree seedlings. J. Trop. For. Sci. 25, 537–546.
344 CSFB, 2014. Forestry Resouce Statistics for China in 2009-2013. The People's Republic 
345 of China State Forestry Bureau. (In Chinese).
346 Erskine, P.D., Lamb, D., Bristow, M., 2006. Tree species diversity and ecosystem 
347 function: can tropical multi-species plantations generate greater productivity? For. 
348 Ecol. Manage. 233, 205–210.
349 FAO, 2015. Global Forest Resources Assessment 2015. UN Food and Agriculture 
350 Organization, Rome. 
351 Groninger, J.W., Seiler, J.R., Peterson, J.A., Kreh, R.E., 1996. Growth and 
352 photosynthetic responses of four Virginia Piedmont tree species to shade. Tree 
353 Physiol. 16, 773–778.
354 Huang, Y., Wang, S.L., Feng, Z.W., Ouyang, Z.Y., Wang, X.K., Feng, Z.Z., 2004. 
355 Changes in soil quality due to introduction of broad-leaf trees into clear-felled 
356 Chinese fir forest in the mid-subtropics of China. Soil. Use. Manage. 20, 418–425. 
357 Keenan, R.J., Reams, G.A., Achard, F., de Freitas, J.V., Grainger, A., Lindquist, E., 2015. 
358 Dynamics of global forest area: Results from the FAO Global Forest Resources 
359 Assessment 2015. For. Ecol. Manage. 352, 9–20.
360 Kelty, M.J., 2006. The role of species mixtures in plantation forestry. For. Ecol. Manage. 
361 233, 195–204.
362 Kenk, G., Guehne, S., 2001. Management of transformation in central Europe. For. Ecol. 
363 Manage. 151, 107–119.
364 Kennedy, S., Black, K., O’Reilly, C., Dhubháin, Á., 2007. The impact of shade on 
365 morphology, growth and biomass allocation in Picea sitchensis, Larix × eurolepis 
366 and Thuja plicata. New Forests. 33, 139–153.
367 Li, P., Huang, Z.L., Xiang, Y.C., Ren, H., 2011. Survival, growth and biomass of Acacia 
368 auriculiformis and Schima superba seedlings in different forest restoration phases in 
369 Nan’ao Island, south China. J. Trop. For. Sci. 23, 177–186.
370 Luo, J., Tian, Y.X., Zhou, X.L., Chen, J.H., Zeng, Z.Q., Li, X.Q., Yao, M., 2014. Studies 
371 on the characteristics of soil seed banks under main forest types of close-to-nature 
372 forest management in Hunan. J. Cent. South Univ. For. Technol. 34, 56–61.
373 Ma, X.Q., Heal, K.V., Liu, A.Q., Jarvis, P.G., 2007. Nutrient cycling and distribution in 
374 different-aged plantations of Chinese fir in southern China. For. Ecol. Manage. 243, 
375 61–74.
376 Madsen, P., 1994. Growth and survival of Fagus sylvatica seedlings in relation to light 
377 intensity and soil water content. Scand. J. For. Res. 9, 316–322.
378 Marshall, J.D., Monserud, R.A., 2003. Foliage height influences specific leaf area of 
379 three conifer species. Can. J. For. Res. 33, 164–170.
380 Niu, H.Y., Li, X.Y., Ye, W.H., Wang, Z.F., Cao, H.L., Wang, Z.M., 2012. Isolation and 
381 characterization of 36 polymorphic microsatellite markers in Schima superba 
382 (Theaceae).  Am. J. Bot. 99, e123–126.
383 Payn, T., Carnus, J.M., Freer-smith, P., Komberley, M., Kollert, W., Liu, S.R., Orazio, C., 
384 Rodriguez, L., Silva, L.N., Wingfield, M.J., 2015. Changes in planted forests and 
385 future global implications. For. Ecol. Manage. 352, 57–67. 
386 Piotto, D., Viquez, E., Montagnini, F., Kanninen, M., 2004. Pure and mixed forest 
387 plantations with native species of the dry tropics of Costa Rica: a comparison of 
388 growth and productivity. For. Ecol. Manage. 190, 359–372.
389 Poorter, L., 1999. Growth responses of 15 rain-forest tree species to a light gradient: the 
390 relative importance of morphological and physiological traits. Funct. Ecol. 13, 396–
391 410.
392 Poorter, H., Nagel, O. 2000. The role of biomass allocation in the growth response to 
393 plants to different levels of light, CO2, nutrients and water: a quantitative review. 
394 Aust. J. Plant. Physiol. 5, 723–738. 
395 Pretzsch, H., Rais, A., 2016. Wood quality in complex forests versus even-aged 
396 monocultures: review and perspectives. Wood Sci. Techonl. 50, 1–36.
397 Redondo-Brenes, A., Montagnini, F., 2006. Growth, productivity, aboveground biomass, 
398 and carbon sequestration of pure and mixed native tree plantations in the Caribbean 
399 lowlands of Costa Rica. For. Ecol. Manage. 232, 168–178. 
400 Richards, A.E., Forrester, D.I., Bauhus, J., Scherer-Lorenzen, M., 2010. The influence of 
401 mixed tree plantations on the nutrition of individual species: a review. Tree Physiol. 
402 30, 1192–1208.
403 Robakowski, P., Montpied, P., Dreyer, E., 2003. Plasticity of morphological and 
404 physiological traits in response to different levels of irradiance in seedlings of silver 
405 fir (Abies alba Mill). Trees. 17, 431–441.
406 Robakowski, P., Wyka, T., Samardakiewicz, S., Kierzkowski, D., 2004. Growth, 
407 photosynthesis, and needle structure of silver fir (Abies alba Mill) seedlings under 
408 different canopies. For. Ecol. Manage. 201, 211–227.
409 Saldaña-Acosta, A., Meave, J.A., Sánchez-Velásquez, L.R., 2009. Seedling biomass 
410 allocation and vital rates of cloud forest tree species: Responses to light in shade 
411 house conditions. For. Ecol. Manage. 7, 1650–1659.
412 Sevillano, I., Short, I., Grant, J., O’Reilly, C., 2016. Effects of light availability on 
413 morphology, growth and biomass allocation of Fagus sylvatica and Quercus robur 
414 seedlings. For. Ecol. Manage. 374, 11–19. 
415 Sumida, A., Ito, H., Isagi, Y., 1999. Trade-off between height growth and stem diameter 
416 growth for an evergreen Oak, Quercus glauca, in a mixed hardwood forest. Funct. 
417 Ecology, 11, 300–309.
418 Valladares, F., Chico, J.M., Aranda, I., Balaguer, L., Dizengremel, P., Manrique, E., 
419 Dreyer, E., 2002. The greater seedling high-light tolerance of Quercus robur over 
420 Fagus sylvatica is linked to a greater physiological plasticity. Trees. 16, 395–403.
421 Valladares, F., Niinemets, Ü., 2008. Shade tolerance, a keyplant feature of complex 
422 nature and consequences. Annu. Rev. Ecol. Evol. Syst. 39, 237–257.
423 Wang, G.G., Bauerle, W.L., Mudder, B.T., 2006. Effects of light acclimation on the 
424 photosynthesis, growth, and biomass allocation in American chestnut (Castanea 
425 dentata) seedlings. For. Ecol. Manage. 226, 173–180.
426 Wang, J., Ren, H., Yang, L., Duan, W.J., 2009. Establishment and early growth of 
427 introduced indigenous tree species in typical plantations and shrubland in South 
428 China. For. Ecol. Manage. 258, 1293–1300.
429 Wang, R., Guo, Z.H., 2007. Photosynthetic responses of Schima superba grown in 
430 different light regimes of subtropical evergreen broadleaf forest. For. Res. 20, 688.
431 Williams, H., Messier, C., Kneeshaw, D.D., 1999. Effects of light availability and sapling 
432 size on the growth and crown morphology of understory Douglas-fir and lodgepole 
433 pine. Can. J. For. Res. 29, 222–230.
434 Xiong, H.B., 2007. Study on variation of the properties of soil in multi-storied Chinese fir 
435 plantation. Subtropical Agric. Res. 4, 283–286.
436 Xue, X., Wang, Q., Qu, Y.L., Wu, H.Y., Dong, F.Q., Cao, H.Y., Wang, H.L., Xiao, J., 
437 Shen, Y., Wan, Y., 2017. Development of the photosynthetic apparatus of 
438 Cunninghamia lanceolata in light and darkness. New Phytol. 231, 300–313.
439 Yang, H.B., Zhang, R., Song, P., Zhou, Z.C., 2017a. The floral biology, breeding system 
440 and pollination efficiency of Schima superba Gardn. et Champ. (Theaceae). Forests, 
441 8, 404.
442 Yang, Q.F., Sun, M., Zheng, Y.Y., Meng, X.R., Huang, M., Huang, Y.M., Ding, G.C., 
443 2017b. Profiles of soil carbon, nitrogen of 23 a mixed plantation of Schima superba 
444 and Chinese fir. Journal of Beihua University (Natural Science), 18, 389–394.
445 Yang, Z.J., Chen, G.S., Xie, J.S., Yang, Y.S., 2010. Litter fall production and carbon 
446 return in Cunninghamia  lanceolata, Schima superba, and their mixed plantations. 
447 Chinese Journal of Applied Ecology, 31, 2235–2240.
448 Yang, Y.S., Guo, J.F., Chen, G.S., Xie, J.S., Cai, L.P., Lin, P., 2004. Litterfall, nutrient 
449 return, and leaf-litter decomposition in four plantations compared with a natural 
450 forest in subtropical China. Ann. For. Sci. 61, 465–476.
451 Yang, Y., Wang, L., Yang, Z., Xu, C., Xie, J., Chen, G., Lin, C., Guo, J., Liu, X., Xiong, 
452 D., Lin, W., Chen, S., He, Z., Lin, K., Jiang, M., & Lin, T.-C. 2018. Large 
453 Ecosystem Service Benefits of Assisted Natural Regeneration. J. Geophys Res-
454 Biogeo.
455 Zhang, C.L., Fu, S.L., 2009. Allelopathic effects of eucalyptus and the establishment of 
456 mixed stands of eucalyptus and native species. For. Ecol. Mange. 258, 1391–1396.
457 Zhu, T.T., Wang, Y.X., Zhu, X.D., You, Y.J., Qiu, W.T., 2017. Photosynthetic 
458 characteristics with shading of Schima superba and Liquidambar formosana. Journal 
459 of Zhejing A & F University, 34, 28–35.
460
461 Table 1 Light gradients in experiment shade houses. Different letters indicate significant 
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Shade house
/light gradient (%)
Illuminance (Lux)
PPFD
(μmol·m-2·s-1)
Red/far red ratio
100% 61860.11±1170.73a 1101.88±22.81a 1.07±0.01a
60% 37214.13±885.93b 669.76±32.12b 1.07±0.01a
40% 24805.29±424.82c 453.88±16.17c 1.06±0.01a
15% 9357.80±374.01d 166.91±6.62d 1.06±0.01a
5% 2889.60±89.48e 51.60±1.59e 1.06±0.02a
463
465 Table 2 Summary of ANOVA for the main effects of species (df = 1), light (df = 4), and 
466 their interaction (df = 4) on growth, foliage characteristics, and biomass.
Species Light Species × Light 
Traits
F P F P F P
Height increment (cm) 32.01 <0.001 40.12 <0.001 7.55 <0.001
Diameter increment (cm) 2.87 0.098 15.45 <0.001 28.69 <0.001
Height to diameter ratio 1.24 0.273 44.37 <0.001 7.52 <0.001
Leaf area (cm2) 86.89 <0.001 87.58 <0.001 2486.04 <0.001
Specific leaf area (cm2·g-1) 251.27 <0.001 487.93 <0.001 17.73 <0.001
Root biomass (g) 86.65 <0.001 36.42 <0.001 37.04 <0.001
Stem biomass (g) 61.16 <0.001 17.22 <0.001 27.05 <0.001
Leaf biomass (g) 156.73 <0.001 10.21 <0.001 24.10 <0.001
Total biomass (g) 123.66 <0.001 20.37 <0.001 34.20 <0.001
Root weight ratio 158.11 <0.001 165.70 <0.001 2.49 0.058 
Stem weight ratio 12.88 0.001 65.10 <0.001 1.93 0.123 
Leaf weight ratio 213.71 <0.001 48.70 <0.001 0.48 0.753 
Root to shoot ratio 135.10 <0.001 114.63 <0.001 6.54 <0.001
Leaf weight root ratio 52.57 <0.001 36.93 <0.001 5.92 0.001 
Ht/Stem-mass (cm-1·g)1  46.10 <0.001 18.63 <0.001 20.03 <0.001
467 1 Length gained per unit mass invested 
468 Figure captions
469 Fig. 1 Net height increment (A), net diameter growth (B), and height to diameter ratio (C) of 
470 Schima superba and Cunninghamia lanceolata seedlings under different light gradients. Bars 
471 show means ± SE. Different lowercase letters indicate significant between-treatment variations; 
472 different capital letters indicate significant between-species variations. 
473 Fig. 2 Leaf area (A) and specific leaf area (B) of S. superba and C. lanceolata seedlings under 
474 different light gradients. Bars show means ± SE. Different lowercase letters indicate significant 
475 between-treatment variations; different capital letters indicate significant between-species 
476 variations.
477 Fig. 3 Root biomass (A), stem biomass (B), leaf biomass (C), and total biomass (D) of S. superba 
478 and C. lanceolata seedlings under different light gradients. Bars show means ± SE. Different 
479 lowercase letters indicate significant between-treatment variations; different capital letters 
480 indicate significant between-species variations.
481 Fig. 4 Root mass ratio (A), stem mass ratio (B), leaf mass ratio (C), root to shoot ratio (D), leaf  
482 to root ratio (E), and Ht/Stem-mass (length gained per unit mass invested)  ratio (F) in S. superba 
483 and C. lanceolata seedlings under different light gradients. Bars show means ± SE. Different 
484 lowercase letters indicate significant between-treatment variations; different capital letters 
485 indicate significant between-species variations.
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